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(54) Title: ADAPTIVE BIT AUX)CAT10N FOR VARIABLE BANDWIDTH MULUCARRIER COMMUNICATION 
(57) Abstract 

Data is distributed amoi^ tbe channels of an asynchronous data 
subscriber loop (ADSL) ccmununications system in accordance witti 
an ad^ve algorithm which fixun time to time measures die signal 
to noise ratio of the various diannels and finds a margin for each 
channel dependent on achievment (where possiUe) of a given bit 
error rate and a desired data transmission rate. Themmghidisbribution 
is achieved by augmenting the constellation signal to noise ratio 
to enhance computational efficiency and allow redelennination of 
bit allocation tables during transmission as necessary. Pairs of bit 
aUocation tables are maintained at the transmitter and receiver and 
one table of each pair at tiie transmitter and receiver is i^dated while 
the other pair is in use for controlling omununicaticHL 
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ADAPTIVE BIT ALLOCATION FOR VARIABLE BANDWIDTH MUL11CARRIER GOMMUNICATION 

TECHNICAL FEELD 

This application relates to the fidd of dectionic commuiucatioii and more par- 
ticulariy to the fidd of multiband dtgjtal signal commumcation. 

BACKGROUND OF THE INVENTION 

Conventional multicarrier digital communication is a technique for transmitting 
and receiving digital signals using a plurality carriers (subchannels) having different fre- 
quendes. Each of the subchannels is used to communicate a diflfarent portion of the sig- 
nal. The transmitto* divides the agnd into a number of components, asfflg^ 
ponent to a spedfic one of tiie carriers, encodes eadi of the carriers according to the 
component assigned thereto, and transnuts each of the carriers. The recdver decodes 
each received carriers and reconstructs the signal. 

The maximum amount of information that can be encoded onto a particular sub- 
carrier is a fimction of the signal to noise ratio of the communication channd with re- 
spect to that subcarrier. The signal to noise ratio of a communication channd can vary 
according to frequency so that the maximum amount of information that can be encoded 
onto one carrier may be differait than the maximum amount of information that can be 
encoded onto another carrier. 

Bit loading is a technique for asngning bits to subduumds accordng to eadi 
subchannd's signal to noise ratio. A bit loading algorithm provides a bit allocation table 
that indicates the amount of uiformation (in bits) that is to be encoded on each of the 
carriers. That is, for a multicarrier communication system with J carriers, a bit allocation 
table B[j] indicates, for each j = 1 to J, the amount of information that is to be encoded 
onto each of the J carriers. 

Shaping the transnussion to match the channd characteristics is knowa For ex- 
ample, a technique known as %mter pouring^ was introduced by Callage in 1968 
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Clnfonnation Theoiy and ReUable Commumcation", page 389) and by Wozmcraft in 
1965 ("Prindples of Communication Engineering", pp, 285-357). Watar pouring in- 
volves distributing the energy of the transmission signal according to the channd fre- 
quency response curve (a plot of the signal to noise ratio as a function of frequency). 
The frequency response curve is inverted and the available signal mergy (the 'Svatei'') is 
''poured'* into the inverted curve so that more of the energy is distributed into those 
portions ofthe channel having the Ughest signal to noise ratio. In a multicarrier system 
in whidi the transnussion band is divided into numerous subchannels, throu^q)ut can be 
maximized by putting as mai^ bits in eadi subcarrier as can be supported g^ven the 
"water pouring" energy and a deared mot rate. 

Other techniques for allocating bits among carriers of a multicarrier ^gnal are 
known. U.S. Patent No. 4,731,816 to Hughes-Hartogs discloses a bit loading scheme 
where one bit at a time is incrementally added to each subcarri^ until a maumum rate is 
achieved. Subcarriers that require the least amount of additional power to support an 
additional bit are sdected first. 

U.S. Patrat No. 5,479,477 to Chow et al. (tiscloses a bit loa^ng scheme that is 
capable of eith^ maxinuzing the throughput or maximizing the margui for a particular 
target data rate. Uidike Hughes-Hartogs, Chow et aL detmnines the bit loading table 
one carrier at a tune (rather than one bit at a time). In Chow et al. , all the carriers are 
sorted in descending order according to the measured signal to noise ratio. The imtial 
subchannels that are selected are the ones capable of carrying the most bits. U^g the 
Chow et al. scheme to maximize the data rate provides a bit loading table similar to that 
provided by the Hughes-Hartogs algorithm. 

In order for the recdver to correctly interpret the received data, both the 
transmitter and the recdver must use the same bit loading table. When the bit loacfing 
algorithm is performed during the initialization phase of communication, the resultiiig bit 
allocation table is communicated between the transmitter and recdver to msure that 
both the transmitter and the recdv^ are using the same bit loading table. However, in 
the event that the comnmnication channel signal to noise ratio characteristics change 
during communication, it may be necessary to update/change the bit allocation table to 
more appropriately match the transmission with the channel characteristics. However, 
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vAim the bit aUocation table is changed, it is necessary to synchronize use of the new 
table with both the transmitter and the recover. If the transnitto and the receiver tise 
different bit allocation tables at any time, the communications link ivill suffer significant 
errors in those subchannels in which the bit allocation tables do not agree. 

In adcfition, detemuning a new bit allocation table can be time consuming, espe- 
dally if the bit loading algorithm is computationally intm^e, such as that disdosed by 
HughesrHartogs where the bit aUocation table is coiistructed one bi^ Ifthebit 
allocation table is to be calculated many times during communication between the 
transmitter and receiver, then spending a relativ^ long amount of time recalculating the 
bit allocation table (and hence not communicating data) is undesirable. 

One solution is to simply not change the bit loading table after initialization. 
Howev^, this may be unacceptable in cases i^ere the conmiunication channel ^gnal to 
noise ratio changes during data transmission. Accordingly, it is desirable to be able to 
determine a bit loading table rdativdy quiddy and to be able to synchronize use of the 
new table by the transmitter and the recdver. 

SUMMARY OF THE INVENTION 
In accordance with the present invention, a pair of bit allocation tables are 
maintained at both the transmitter and the recdver. These tables are updated as needed, 
u^ng measurements of the dgnal to noise ratio performed on known data transmitted to 
the recdver in a control firame sqmrate from the data frame. The transmitter ^gnals the 
recdver as to vAadi of the two tables is to be used for subsequent communicatioa 
Prefisrably, tMs is done by transnutting a flag from the transmitter to the recdver at some 
point during the data transmisdon; this causes the receiver to thereafter switch the bit 
loading table it is udng for communication to syndironize with the corresponding table 
at the transmitter. 

In the preferred embodiment of the invention, although the invention is not re- 
stricted thereto, 69 ''frames'' of 24S.S microseconds duration eadi are used to form a 
''superframe*' of 16.94 milliseconds. The first fixime of each superfiame comprises a 
control firame that is used to transmit a standard (known) data set from the transmitter 
to the recdver, the remaining firames contain data. The recdver measures the dgnal to 
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noise ratios of the lecdved data in tMs frame for each of the diannds and uses this to 
calculate channel bit allocations for subsequmt data transmissions. In practice, it has 
not been foimd necessary to calculate the signal to noise ratios for each and every super- 
frame, although this can, of course, be done. Rather, we have found it sufiSdent for 
most data transmissions to measure the signal to noise ratios of the channds over several 
frames, average th^ update the bit allocation tables based on the resultant values, and 
use the bit allocations tables so determined over hundreds or thousands of subsequent 
frames. 

The bit allocation table updating is performed by comparing the measured signal 
to noise ratio (SNR) in each diannd with a constdladon signal to noise ratio SNR[Cj], 
that has been augmented by a trial noise margin M, SNRa[Cj] = SNR[Cj] +M. The 
constellation signal to noise ratio, SNR[Cj], specifies the number of bits Cj 
("constdlation msT) that can be transnutted over a duumel j givra a spedfic signal to 
noise ratio SNRj, where C| may vary, for example, from 1 to IS. Thevahieofthe 
marffii M is dependrat on the difference b^een the amount of data ^.e., mmiber of 
bits) that can be transmitted aax)ss the channels in accordance vnth the augmented con- 
stdlation sdgnal to noise ratio SNRa[Cj] and the amount that is dedred to be transnut- 
ted (the ^'target data rate**), N. The value of this margjin is varied in order to optimize it 
for the particular communication conditions as manifested by the measured signal to 
noise ratios, SNRj. 

In particular, the totd number of bits that may be transmitted ov^ J channds^ 

each characterized by signal to noise ratio SNRj, isN^ = , where the respective 

Cj are determined from the measured signal to noise ratios, SNRj. See, for example, 
'Digital Communications'* by John G. Proalds, pp. 278ff for channel capadty calcula- 
tions for quadrature amplitude modulation (QAM) systems, the preferred form of 
transmission for this invention. Preferably, the channel capadty calculations are per- 
formed in advance and stored in the form of lookup tables for rapid access. Inthepre- 
forred raibo(fiment described herein, the margin M is determined as M - (lO/Tf 
(Nmax - N). The augmented constellation signal to noise ratio is then given by 
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SNRa[Cj] = SNR[Cj] + M, and this value is used to deteniiine (e.g., by table lookup 
as described above) the numbar of bits that can be transmitted over a channel. By aug- 
mmting the constellation signal to noise ratio, SKR[Ci], rather than the channel signal 
to noise ratio, SNRj, fewer additions arc required, since the range of constdiation aozes 
Cj = 1 . . . 15) is typically smaller than the range of channels (e.g., j = 1 . . . 256). 
As long as the amount of data that can be transmitted over the channels in a 
given interval (tififers (as determined by the calculations just described) from the amount 
of data desired to be transmitted in that int^al, i.e., Nmax^ N, and assuming that cer- 
tain other exit conditions have not been satisfied, the recdver cycles through a loop that 
repeatedly adjusts the mai^nM and recalculates Nmax. To do tUs, the recdv^ sets a 
high margin threshold Mr and a low margin threshold Ml. During those superfirames 
in which the bit allocation table is to be recalculated, the high threshold and low thresh* 
old mai^ are initiali2«d to dther a first state (Mh = 0, Ml= 
a second state (Ml = 0, Mh= (10/J)*[Ninax - N]) depaident on iiAether Nnua is 
greater than N or less than N. 

Tho-eafter, in each iteration, either the Ugh or the low margin is adjusted in the 
search for the condition in wUch Nmax= N. Spedfically, at the be^nning of subse- 
quent (non-initialization) iterations, the margin is set to the average of the high and low 
mar^ thresholds^ M = (Mh + Ml)/2, and the augmented constellation rignal to noise 
ratio SNRJCj], the bit allocation table B[j], and the calculated capadtyNnunt arc de- 
ternuned. 

If the calculated capadty exceeds the desired capacity, i.e., Nmax^ N, the re- 
ceiver increases the low margin threshold margin to M, i.e., it sets Ml = M. If the cal- 
culated capacity is less than the desired capacity, i.e., Nmax < N, tiie receiver decreases 
the high threshold, i.e., it sets Mh = M. The iteration thm repeats. 

The receiver ents from the loop on the occurrmce of any of seva:al conditions. 
A first occurs when it is determined that Nmax = N. This is the desired solution, and 
represents an optimum equal distribution of margin over the comnmnication channels. 
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A second occurs whm the test condition (Nniax -N) is di A thiid occurs when 

the desired equality is not adueved after a defined number of iterations. Li one system 
implemented according to the preferred embodimrat described h^dn, we have found a 
limit of 16 iterations sufiBdait. 

BRIEF DESCRIPIION OF THE DSAWMGS 
Fig. 1 is a schematic diagram of an ADSL communications system showing bit 
allocation tables in accordance with the presmt invention; 

Fig. 2 is a diagram of control and data frames as used in coimection with the pre- 
sent invention; 

Fig. 3 is a graph illustrating a multicarrier communication syston. 
Kg. 4 is a graph illustrating signal-to-noise ratio as a fimction of firequenqr. 
Fig. S isagraphiUustralingbitloacUngandnutfgtnforamulticanieroonmB^ 
cation system. 

Fig. 6 is a flow chart illustrating a bit loading algoritixm for a multicanier com- 
nmnication systent 

Fig. 7 is a flow diart illustrating iiutialization for the bit loading algorithm of 

Fig. 6. 

Fig. 8 is a flow chart Ulustrating operation of a receiver software for calculating, 
modifying, and synchronizing a change in a bit allocation table used in a multicanier 
communication system. 

DETAILED DESCRIPTION OF AN ILLUSTRATIVE EMBODIMENT 
In Figure 1, a transmitter 10 for use in asynchronous data subsoib^ loop 
(ADSL) communications has first and second bit allocation tables 12 and 14 fi>r use in 
asagiung 

data to a plurality of channels for transnus^on to a remote recover 1 6 yAidx has corre^ 
sponding bit allocation tables 20 and 22. The tables operate in pairs uodet control of a 
table controllo- 24 at the transmitter. In accordance with ADSL practice, a digital »gnal 
s(t) to be transmitted to a receiver is distributed over a plurality of channels fi, fi, . . . 
fj, in accordance with channel allocation assignments stored in the bit allocation tables. 
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In particular, the tables BQ] define, for each channd j, the number of bits tiiat can rdia- 
bly b e transmitted over a particular channel at a pvai bit error rate at the spedBc dgnal 
to noise ratio measured for that channd. These tables are dctermmed as described in 
detail herein, and may vary from tune to time during the course of a transnusaon. 

At any given time, a single table, e.g., table 12, is used for transmission at the 
transmitter, and a corresponchng table, e.g., table 20, is used for reception at the re- 
ceiver. Thesetablesareimagesofeachoth^,i.e., contain the same data, and are used 
in pairs, so that rdiable comnmnication can occur Similarly, tables 14 and 22 are im- 
ages of eadi other and are used in pairs. 

A table control unit 24 at the receiver controls the formation of the bit allocation 
tables 12, 14, 20, and 22. It measures the signal to noise ratio on eadi of the channels 
f I, fi, . . -fj, compares the measured values with predetermined values defining the bit 
capacity of a channel at given dgnal to noise values, augmented with noise mar^ns as 
described herein, and thus determines the bit allocation for each dbianneL The alloca- 
tions so defined are stored in the tables 20 and 22 at the receiver. They are also trans- 
mitted back to the transmitter, e.g., via a control chaimel 26, and are there stored as the 
tables 12 and 14, respectively. After initial loading, the transnussion is advantageously 
arranged such that only updated tables are transmitted back to the transmitter. 

At the transmitter 10, a table svntch unit 28 selects which of the two table pairs 
(12, 20; 14, 22) are to be used in a ^en transmisaon and reception. Typically, a given 
pair will continue in use until the communication conditions diange su£Ecientiy that the 
bit allocations among the charmelsdiange. At that time, a new table must be formed at 
the receiver, and coinmunicated to the tnmsmitttf. When this occurs, the table switch 
unit 28 tyincaUywiU switch to the new table for subsequent transrnis^ons. Whmitdoes 
so, it transmits a flag to the recdver that indicates that a switdtk to the alternative pah: is 
to take place. This switch will usually be made effective as of the next superfirame, but 
may, by prearrangment with the recdver, be made effective at some agreed upon point 
after that. 

Fig. 2isa£agramofasiq[)erfirame30. It is formed firom a control frame 32 and 
a number of data firames 34. During the control fime interval, the transndtter sends to 
the recdver a known signal from whidi the recdver can measure the ^gnal to noise ratio 
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of eadi of the channels in ord^ to calculate the bit allocations. The re m ai n i ng fiames of 
the superfirameconiprise data franies for the tians^ Ihapr&- 
ferred embodiment of the invention, there are one control fiame and 68 data fi:ames» 
each of 24S.S microsecond duration, for a superfiame time of 16.94 milliseconds. 

s RefeningtoHg. 3,agrvh LOOiUustratesnidticarrierdgnaltnmsmisa The 

graph 100 has a horizontal axis 102 representing firequenc^ wherein lower frequences 
are toward the left ade of the axis 102 while lugher frequendes are toward the rigjht nde 
of the axis 102. The graph 100 tUustrates that a multicanier signal, incorporating J 
Crete carrier ^gnals, is transmitted via carriers at frequendes fi, ^ . . . ^. 

10 Each of the carriers shown in the graph 1 00 is cs^able of transmitting a certain 

number of bits of information. Accordingly, the total number of bits transnutted via the 
multicarrier ^gnal is the sum of the numb^ of bits that can be transmitted by each of the 
carriers. For example, if each of the carriers can transmit three bits of information, thai 
the fflgnal shown in the graph 100 can transnut a total of J*3 bits of infi)rmatioa 

is In a preferred onbodiment, eadi of the carriers traiismitsinfonnationuang 

quadrature amplitude modulation (QAM), a conventional digital agnal mco(fing tech- 
nique where different combinations of amplitude and phase of each earner signal repre- 
sent different distal values. For ^cample, a carrier signal can be encoded uang two 
different poswble amplitudes (Al and A2) and two different possible phases (PI and P2) 

20 so that the carrier can represent one of four pos^ble values: a first value when the car- 
rier signal has amplitude Al and PI, a second value corresponcfing to a combination Al 
and P2, a third value corresponding to a combination A2 and P 1 , and a fiiurth vahie cor- 
responding to a combination A2 and P2. The various comlnnations of amplitude and 
phase for a ^en carrier sdgnal is called a '^constdlation". Note that the number of bits 

25 that can be transmitted via a particular carrier is a function of the maximum pos»ble 
constellation size for that carrier. 

For each carrier, the maximum size of the constdlation, and hence the maximum 
number of bits that can be transmitted via that carrier, is a frmction of the signal to noise 
ratio (SNR) of the conmmnication channel and is a function of the desired bit error ratio 
30 (BER). TheBERisthenuniberof sin^ebittranmiission/reception^rorsperthetotal 
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number of bits transmitted. Inoreasing the mraiber of (fiscreteainpUtudes and/or ph^ 
associated with a particular carrier (i.e.» increasing the constellation »ze) inoreases tiie 
likelihood of bit errors. The BER increases with increasing constellation sdze because* 
as the number of discrete amplitudes and/or phases increases, the magnitude of the dif- 
5 ference between discrete phases and/or amplitudes decreases and hence the ability of the 
recdver to distinguish between difiiarent phase and/or amplitude values decreases. 

The relationship betweenBER and SNR is well-known in the art of muMcarrier 
communication. Tables are available that du>w the minimum SNR that can support a 
BER of a fixed amount or less for a given constellation size. For.example, the table 
10 shown below, SNR[Cj], a constdladon signal to noise ratio, indicates the minimum 
SNR needed to transmit a constellation having the indicated ^ze in ordo: to obtain an 
expected BER of 10"^ O-C, an Cfior of one bit per every 10^ bits that are transmitted.) 
Note that as the constellation size increases, the minimum required SNR also inoreases. 

Constdladon fflzec On bits) SNR requirement 

15 2 14dB 

3 19 dB 

4 21 dB 

5 24dB 



Referring to Fig. 4, a graph 1 10 illustrates a rdationship between SNR and fire- 
quency for a communication channel transmitting a multicarrier signal having carri^ 
between frequendesf] and ^. ^vertical axis 112 of the graph 110 represents SNK A 
horizontal axis 1 14 of the grq>h 1 10 represents frequency in a mann^ dmilar to tfmt il- 
lustrated in comiection vdth the horizontal axis 102 of the gnq>h 100 of Fig. 3. 

A plot 116 shows the relationship between SNR and frequency for the frequen- 
ces betwem f 1 and fj, the lowest and highest (respectivdy) carrier frequences for the 
multicarrier frequency dgoal. The plot 116 ilhistrates that the SNR varies according to 
frequency so that, for example, the SNR at frequency fm is lower than the SNR at fr^ 
qumcy fn. Based on the table shown above, it is posdble that, for a given BI^ the 
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constellation size supported by the carrier frequency fm is smaller than the constdlation 
size supported by the carrier frequency ^ 

Refaring to Fig. 5, a graph 120 uses a plot 1 22 to iUustrale a hypothetical rda- 
tionshtp between SNR and frequency. The graph 120 is similar to the graph 110 of 
Fig. 4. The vertical axis of the graph 120, whidi represents SNR, has superimposed 
thereon the SNR requirement numbers from the table, shown and discussed above, that 
relates minimum SNR requirements with constellation size for a BER of 10*^. The 
graph 120 shows that an SNR of 14 dB is required to support a constellation size of two 
bits and that SNR's of 19, 21, and 24 are required to support consteUation sizes of 
three, four, and five bits, respectivdy. Based on this, it is possible to use the plot 122 to 
determine a maximum constdlation size for each of the carrier frequendes between f i 
and^. For exanq>le, the plot 122 diows that any carrier frequendes b^weenfi and 4 
can support a maxumun constellation size of four bits since all portions of the plot 122 
between fi and fa are greater than 21 dB (the nunimum required SNR to support a conr 
stellation size of four bits), but less than 24 dB (the minimum SNR for five bits). No 
carrier firequendes between fi and ^ can support a constellation dze of five bits at the 
BER used to generate the minimum SNR requirements. 

The portion of the plot 122 between fa and fb is shown in Fig. 5 as being greater 
than 24 dB. Accordingly, carrier fi:equencies between j^and ^ can support a m a x i mum 
constdlation dze of at least five bits. Similariy, carrier fi:equ»des between and 1^ 
win support a masdmum constellation size of four bits; carrier firequendes b^een 1^ 
and fd will support a maximum constdlation size of three bits; carrier fi^uendes be- 
twera U and U will support a maximum constellation size of two bits, and canio: fre- 
quendes between fc and fj will support a maximum constdlation dze of three bits. 

The difiference between the minimum reqiured SNR and the actual transmission 
channel SNR is called the "'margin''. For example, the plot 122 ^ows that if four bits 
are used at the carrier fi^uency f i, the carrier firequency at fi will have a margin 1 24 
somewhat greater than zero since the SNR at f i is shown in Fig. S as being greater than 
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the minimum SNRrequiremcQt of 21 dB. Similariy,itisposfflbletouselessthanthe 
maximum supported constellation size at a particular carrier frequency. For example, 
although the plot 122 shows that a carrier at the frequency fa will support a constellation 
size of five bits (^ce the SNR at ^ is 24 dB), it is possible to encode the carrier at fhe 
frequency^ with only three bits. In that case, the mar^ at the frequency^ is the dif- 
ference between the transmission diarnid SNR at 1^ (24 dB) and the SNR required to 
support a constellation of three bits at frequency (19 dB). Accordingly, the margin at 
frequency is 5 dB. 

In instances where the muhicarrier signal is used to transmit the maximum num- 
ber of data bits, then the SNR of the communication channel is first measured and then 
each carrier is set to the maximum supported constellation size. However, in many ap- 
plications, the multicarrier ^gnal is used to transmit less than the ma»mum pos^le 
number of bits. In those cases, it is advantageous to maximize the overall margin of the 
^gnal to thus reduce the error rate. This can be illustrated by a ample «ample: 

Assume a two-chaimel muhicarrier signal has a maximum constellation size of 
five bits for the first carrier and four bits for the second carrier. Furth^ assume that it is 
dearable to use the agnal to transmit bits. One way to allocate the bits among the 
two carriers is to use the first carrier to transmit five bits and the second carrier to 
transmit one bit In that case, however, the margin for the first carrier is rdatively small 
while the margin for the second carrier is relatively large. There will be many more er- 
rors for bits transmitted via the first carrier than bits transmitted via the second carrier 
and, dnce most of the bits are bring transnutted via the first carrier anyway, then the 
overall error rate of the signal, while below the target BER, is still higher than it has to 
be in tins case. A more advantageous way to allocate the bits might be to allocate three 
bits to each of the two carriers. In that case, botfiofthe carriers operate with a rela- 
tively large margin and the overall error rate of the ^gnal is reduced. 

Of course, in many multicarrier conmiunication applications, there are hundreds 
of carriers and hundreds to thousands of bits that are transmitted. In addition, it is nec- 
essary to allocate the bits in a relatively rapid maimer since time spent allocating bits is 
time not spent communicating informatioa Furthermore, it may be necessary to realio- 
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cate the bits during communication if the chamid transmis^on dianuiteristics diange 
dynamically. 

Referring to Fig. 6, a flow chart ISO illustrates a technique for allocating bits 
among carrim of a multicarrier signal. Processing begins at a first stqp 152 where vari- 
ous quantities used to aUocate the bits are initialized. These quantities indudeMH^tiie 
lugh-bound for the margin, ML, the low-bound fiir the margin, and k, an iteration 
counter vduch is desoibed in more detail below. Following step 152 is a stq) 154 where 
the mar^ is calculated by averaging Mh and Ml. 

Following step 154 is a step 156 where a table indicating required SNR for vari- 
ous constellation ^zes, RSNR[c], is calculated. RSNR[c] is a table having entries equal 
to the sum of the margin, M, and the minimum SNR requirements that can support a 
constellation of aze c, and thus conq)rises an augmmted constdlation signal to ndix 
ratio, SNRa[Cj] ^ SMR[Cj] + M. Following step 156 is a step 158 where a bit table, 
BQ], is calculated. BQ] is a table of the maximum number of bits that can be allocated to 
each of the carriers fi, . . . ^, given the values stored in RSNR[c]. The maximum num- 
ber of bits are allocated for each carrier in a manner similar to that discussed above in 
connection with Fig. 5. 

Follovdng step 158 is a step 160 ^ere a value Nmaxis calculated. Nmaxi^re- 
sents the maximum number of bits that can be transmitted on the duumd and is deter- 
mined by summing all of the values in the table BQ]. Since the table B|j] contiuns the 
maximum number of bits that can be transmitted for each carri^ based on the m in i m u m 
required SNR for each constellation aze plus the calculated margin, then Nqux rq>re- 
sents the maximum number of bits that can be transmitted on the channel wherdn each 
of the carriers has a margin of at least M. 

Following the step 160 is a test step 162 which detmnines if Nmax equalsN 
where N is the number of bits that are to be transmitted iising the multicarrier signal If 
Nmax does in fiict equal N, then processing is complete and the bit table BQ] represmts 
an allocation of bits among the carriers of the multicarrier signal vdierein each carrier 
will have a margin at least as large as M. 
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ff it is detenrnncd at the test step 1 62 that Nnmx does not equal N, then prooesa- 
ing transfers from the test step 162 to a test step 164. Note that ifN is less than Nmax, 
then the margin can be increased On order to decrease Nmax) in the next itaidon. 
Simikuly, if N is not less than Nmax, then the inai©n is too large a^^ 

5 creased in tiie next iteration. Ifit is deternuned at the test stq> 164 that N is less than 
Nmax, the control transfers from the test step 164 to a step 166 whm Ml, the low- 
bound on the margin, is set equal to M. Setting Ml equal to MeffectivdyinCTeases 
Ml, causing an increase in the value of the margin, M, that will be calculated on the 
next iteration at the step 154. 

10 Conversely, if it is determined at the step 164 that N is not less than Nmax^ then 

control transfers from the step 164 to a step 168 where Mh, the high-bound on the 
margin is set equal to M. Thiseffectivdydecreasesthe value of Mil thus cauang the 
value of M to decrease when M is calculated at the step 154 on the next iteration. 

Control transfers from either the step 166 or step 168 to a step 170 where the 
15 iteration counter, k, is mcrmiented. Following the step 170 is a test step 172 which de- 
tennines if the iteration counter is less than the maximum allowable valuefor the itera- 
tion counts, Kmax- The iteration counter, k, is used to ensure that the algorithm will 
terminate after a certain number of iterations even if the ternunating conctition at the 
step 162 Ct e., Nniax == N) is never met. In a preferred onbodiment, Kniax equals 16. 
20 Ifit is determined at the test step 172 that k is not less than Kmax, then control 

transfers from the step 172 to a step 174 where the remaining bits are dthor removed or 
added to the bit table, BQ], as appropriate. Bits are added or removed at the step 174 in 
a random or pseudo random manner so that the sum of all allocated bits in the table BQ], 
equals N, the nuinberofbits that are to be tnuisnutted via the multiduumd Note 
15 that in this instance, there is no guarantee that each of the carriers has a margin of at 
leastM. The step 174 is ^ply executed in onier to finalize the aUocation process if the 
algorithm is unable to meet the termination condition at the stq> 162. 

Ifit is determined at the test step 172 that the iteration counter, k, is less than the 
predetermined maximum value for the iteration counter, then control transfers from the 
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step 172 to a test step 176 which determines if the algorithm is diverpng, Le., if (Nnmjr 
N) is increamg. It is desirable for the algorithm to converge so that the value of NmiK 
g^s doser to the value of N with each iteration because the algorithm terminates when 
Nmax equals Nat the test step 162. However, ifit is determined at the test step 176 that 
the value of Nmax is actually getting fother from the value of N wiA eadi iteration, then 
control transfers from the step 176 to the step 174 ^ere the remaining bits are distrib- 
uted randomly among the values in the table BQ], as discussed above» after which proc- 
essing is complete. 

If it is determined at the test step 176 that the algorithm is not diverguig, ih&a 
control transfers from the step 176 back to the step 154 where the margin is calculated 
for the next itoratioiL The margin calculated at the subsequent iteration 154 will either 
be less than or greater than the maigm calculated on the previous iteratioii, depending 
upon vAieAher N was less than Nmax or not at the test stq> 164, as discussed above. 

Referring to FIG. 7, aflowcdiart 180 illustrates in detail the initialization routine 
for the step 152 of the flow chart ISO shown in FIG. 6. The initializarion routine is en- 
tered and processing be^ns at a step 182 where the transmission characteristics of the 
diaxmel are measured to determine the signal-to-noise ratio at each of the carri^ fre- 
quendes of the multicarrier signal. As discussed above in connection with Fig/s 4 and 
5, the transmission channel signal-to-noise ratio may be a fimction of frequency. Meas- 
uring the channd transnusnon characteristics at the step 182 is ctiscussed in more detail 
hereiiudfter. 

Fdtowingthestep 182isastep 184 where the niiniinum required signai-to-noise 
ratio table, SNR[cL is initialized. As discussed above, for a given bit error ratio (BER), 
the minimum required SNR for eadi constellation aze, can be determined via conven- 
tional calculations known in the art or by looking up the vahies in a textbook. FoUowuig 
the step 184 is a step 186 where the bit table, BQ], is calculated. Calculation of the bit 
table at the step 186 is similar to calculation of the bit table at the step 158 discussed 
above in connection with the flow chart 1 50 of FIG. 6, except that the unaugmented 
SNR table is SNR[Cj] used at the step 1 86 rather tiian the RSNR table wWch is used at 
the step 158. Using the SNR table at the step 186 efifectivdy calculates the bit table. 
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BQ], with a margin of zero. Following the step 186 is a step 188 where Nmax is calcu- 
lated. The step 188 is similar to the step 160 discussed above in connection wth the 
flow chart 1 50 of HG. 6; Nmax is simply the sum of aU the entries in the bit table, BQl. 

Fonowingthestepl88isastepl90whereitisdetermmedifNinaxe^^ If 
Nmax does equal N at the step 190, then processmg is complete for the ratire algorithm 
(not just the initialization portion) since the channel will only support Nmax bits of 
transmisfflon. That is, if Nmax equals Nat the step 190, there is no point in contirai^ 
with the algorithm and calculating a margin ance, by de&ult, the channd can tranamt no 
more than N bits. 

If it is determined at the test step 1 90 that Nmax does not equal N, then control 
transfers from the step 190 to a test step 192 where it is determined if N is less Aan 
Nmax. Note that if N is not less than Nmax at the step 1 92, then the channel will not 
support transmisaon of N bits at the BER used to construct the SNR table at the st^ 
184. That is, the bandwdthofthe channel is too low. However, in this case, the algo- 
rithm can continue by calculating a negative nuupn and amply proceeding to masdmize 
the negative mar^ so that, although the BER that will be achieved will exceed the de- 
sired BER, it is stiU nunimized ^ven the requested data rate. In another embodiment, 
the algorithm can temunate at tUs point and indicate that the bits cannot be allocated. 
In yet another embodiment, the algorithm can be renm using a higher BER and 
(presumable) lower nunimum SNR requirements for the various constellation sizes. 

If it is determined at the step 192 that N is not less than Nmax G-c » the system 
will be operating with a negative margin) then control transfers from the step 192 toa 
step 198 where the low-bound on the margin Ml, is set to zero. Following the step 198 
is a step 200 whm the high-bound on the margin is set uang the fi>rmula Uijn - 
(10/J*)(Nmax-N). Note that, however, in this case the higji-bound on the margin wiU 
be set to a positive value at the step 200 because Nmax - N will be a positive mimb^. 

Following «ther the step 200 or the step 196, control transfers to a step 202 
where the iteration counter that is used to terminate the algorithm after a predetermined 
number of iterations is set to one. Following the step 202, the initialization routine is 
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exited so that the remaitung processing, as discussed above in connection with FIG. 6, 
can continue. 

ThefonnulausedtosetML at the step 196 and to set Mh at the step 200 pro- 
vides upper and lower bounds of the mar^ such that the algorithm converges in a rea- 
sonable numb^ of iterations while msuring that the final margm does not M outside the 
range betwera Ml and Mr. Of course, it is possible to practice the invention using 
other formulas or tediniques for calculating initial values for Ml andMn- 

Referring to FIG. 8, a flow chart 210 illustrates operation of software used by 
the recdver to allocate bits among the different carriers of the mukicarrier signal and 
synchronize changes in the bit allocation table with the transmitter. Processing be^ns at 
a first test step 262 which determines if the recdver has received a reference firame. A 
reference firame is a predetermined and detectable fi^me of special data bits that is pro- 
vided by the transmitter to the recdver to allow the receiver to determine the channd 
diaracterisdcs. In a prefored embodiment, the reference firame is transmitted periodi- 
cally, althougjh other convmtional techniques can be used to detmnine whether the ref- 
KCTce firame ^ould be S0it by the transmitter. The reference firame is recognized by the 
tecdver using any one of a variety of conventional techniques such as a spedal header in 
a padcetin<ficating that a reference fiame is bdng prodded. Use of a reference firame in 
connection with multicarriercomnmnicatioii is well-known in the art. Harefermce 
frame is not recdved at the siep 262, the software loops back to the test step 262 to poll 
for receipt of the reference fiiune. 

If it is determined at the test step 262 that a reference fiame has been recdved, 
then control transfers firom the step 262 to a step 264 where the errors in the reference 
firame are measured vrith respect to the brown consteUation distances of the first signal. 
Note that since the reference firame is a predetermined signal, the receive can know ex- 
actly what was sent by the transmitter. Therefore, any differences between the data re- 
cdved by the recdver and the expected values for mgnal data can be accounted for by 
errors induced by the transnus^on chaimel. These errors are measured at the step 264. 

Following the stqi 264 is a step 266 where the recdver determines the channd 
characteristics based on the errors measured at the step 264. This is done in a conven- 
tional manner using techniques for determining channd characteristics based on detected 
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transmission errors. FoUowii^ the step 266 is a step 268 where the receiver a^^ 
various bits among the carriers uring, m a preferred CTobodiment, the tedhnique dis- 
closed above in coimection with Fig.'s 6 and 7. 

FoUowing the step 268 is a test stq> 270 wUdi detmnines if the bit allocation 
table provided at the step 268 is dififeient than the previous bit allocation table. That is, 
it is determined at the step 270 if there is a diflFerence between the recontly-calculated bit 
allocation table and the pre\aous bit allocation table. If it is determined at the test step 
270 that there is no difKrence (ut,, that the bit allocation table has not changed), then 
control transfers from the stq) 270 back to the step 262 where the software waits for the 
transmitt^ to send another reference frame. Otherwise, if it is determined at the step 
270 that the new bit allocation table is dififerent than the old bit allocation table, then 
control transfers from the step 270 to a step 272 where a flag is sent from the recdver to 
the transmitter indicating that the bit allocation table has changed. In a prefarcd em- 
bodunent, the flag is sent at the step 272 via a dngle carrio* of the multi^ 
that is reserved for use by the transmitter and receiver only for the flag. Lianotherem- 
bodiment, the reserved carri^ can also be used to transmit the new bit allocation table. 

Following the step 272 is a stqi 274 vfbsNe the recdv^ sends the new bit alloca- 
tion table, detomined at the step 268, to the transnuttor. Following the step 274, con- 
trol transfers back to the test step 262 to poll and wait for the transmitter to send an- 
other reference frame. 

Wfaile the invration has been disclosed in connection with the preferred embo(h- 
ments shown and described in detail, various modifications and improvements thereon 
wiD become readily qipar^ tot hose skilled in the art. Accordmgly, the spirit and 
scope of the present invention is to be limited only by the following claims. 
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CLAIMS 

1. In a muldcarrier modulation system having a plurality of diannds for tranaml- 
ting varying rates fimm a transmitter to a reodvCT dependent on the rignal to 
noise ratio of the respective duumels, the in^rovem^ comprising: 

A. means for allocating data to respective ones of sud diannds in accor- 
dance with an initial signal to noise ratio for the corresponding channd, 

B. means for repetitively calculating trial noise mar^ns across said diannels, 
and 

C. means for repetitively combining said trial noise mar^ns with the said 
signal to noise ratios of said channels to form modified signal to noise ra- 
tios for ssid diaimds for use m reallocating said data thereto. 

2. A mukicarrier modulation system according to claim 1 in whidi said margins are 
added to the constellation ^gnal to noise ratios associated with said channels to form 
said modified ratios. 

3. A fmdticarrier modulation system according to claim 2 in which said margins are 
added to sidd ^gnal to noise ratios equally across said channds. 

4. A multicarrier modulation system according to daim 3 i^Aiidiinchidesi^^ 
defining upper and lower mai;^ thresholds Mh and respective, said trial noise 
margins being defined as a combination of said thresholds. 

5. A multicarrier modulation system according to daim 4 in whidi sud conibination 
is fisrmed as an average of said upper and lower tiiresholds. 

6. A multicarri^ modulation system accordng to daim 5 in which at least one of 
said thresholds is detmnmed as a fimction of the difference betwem the amount of data 
transnussible across said channels in accordance with previoudy spedfied agnal to noise 
ratios assodated with said channels and the amount of data deared to be transmitted 
across said channels. 
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7. A multicanier modulation system according to daim 6 in wliich at least one of 
said thresholds is set to zero. 

8. A multicarri^ modulation system according to claim 6 which includes means for 
terminating data allocation when the amount of data transmissible across said channels in 
accordance vdth previously specified signal to noise ratios assodated with said diannels 
equals the amount of data deared to be transmitted across said channels. 

9. A multicarrier modulation system according to claim 6 vAixii includes means for 
terminating data allocation when said difiference diverges. 

10. A multicarrier modulation system according to daim 6 vMch indudes means for 
terminating data allocation after a defined number of iterations of margin calculations 
over said diannels. 

11. A mutticariier modulation system according to daim 1 in vi^ch said ineans for 
calculating trial noise marpns comprises: 

A. means for defining a trial margin that is a fimction of the difference be- 
tween the amount of data allocable to said diannds in accordance vAb 
said irutial agnal to noise ratios for the respective diannds and the 
amount of data desired to be transmitted, and 

B. means for rq)etitivdy adjusting said trial margin in accordance with the 
rdation b^een the amount of data transmisable across said diannds 
vAien the ^gnal to noise ratios of said channels are augmented by said 
trial wsxffn and the amount of data 

C. transmis^le across said diannds in accordance vnih a prior determina- 
tion of sdd ngnal to noise ratios. 
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12. A multicaiTier modulation system according to daim 1 which indudes means for 
periodically transnutdng a refermce frame from the transmitter to the receive- aooss said 
^^iflf^fJa and means for measuring the agnal to noise ratios of said duumds from tfie 
transmitted leference frame, said means for rq)etidvdy calculating trial noise maii^ 
across said channds using the signal to noise ratios determined in tiie most lecentfy 
transmitted frame as the initial signal to noise ratios for cdculating said mai]^ in the in- 
terval between said frame and the next frame. 

13. A mdticanier modulation ^stem according to dum 12 whidiinchidesfo^ 
second memory regist^ sets at both said transnutter and sud receivar for sto^ 

data allocations in accordance with signal to noise ratios assodated therewith, and means 
for transmittuig from the transnutt^ to the recdver a flag incficating whidi of the register 
sets is to be used for subsequently recdving data from said transnutter. 

14. In a multicarrier modulation system having a phirality of diannds for transmitting 
dat a at varying rates from a transmitter to a recdv^ dqp&ad&at on the signal to noise ratio 
of the respective diannds, the in^irovement conq)ridiig: 

A means for allocating data to respective ones of said channels in accordance 
with initial signal to noise ratios measured for the corre^nding c h a nnels ^ 

B . means for calculating a trial noise margin across said diaimds as a fimction 
of said imtial «gnal to noise ratio and the cfifference betwem the amount of 
data transmissible ov^ said diannds with said signal to noise ratios and 
the amount of data desired to be transmitted, 

C. means for augmenting the initial signal to noise ratios assodated with said 
channel by the trial noise margin to therd)y define an augmented agnal to 
noise ratio for use in defining a revised estimate of the amount of data 
transmissible over said channds, 

D. means for rep^itivdy defining successive trial noise margins as a fimction 
of the augmoited dgnd to noise ratios and the difference between the 
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16 



17 



amount of data transmisable over said channels with said augmented agnal 
to noise ratios and the amount of data desired to be transmitted until an 



18 



exit condition is readied. 



1 15. A nmMcanier modulation system acconfing to claim 14 in wMdi said exit condi- 

2 tion comprises equafity betweai the amount of data transmissible over said dumnels with a 

3 particular set ofaugmented signal to noise ratios and the amount of data desired to be 

4 transnutted. 

1 16. A multicani^ modulation sjrstem accorcfing to daim 14 in which sud exit condi- 

2 tion comprises an increase in the di£feience between Ae amount of data transnusable over 

3 said channds with said augmrated ^gnal to noise ratios and the amount ofdata desired to 

4 be transnutted as detemuned on successive calcuhKdons. 

1 17. A multicarri^ modulation system accordmg to daim 14 in y^ch said exit co^^ 

2 tion comprises determination of a defined number of succesdve trial noise margins. 

1 18. A multicarrier modulation system according to claim 14 which indudes means for 

2 p^odically transmitting a reference finame fi'om the transmitter to the receiver across said 

3 channels, and means for measuring the signal to noise ratios of said diannds from the 

4 transmitted reference frame, said means for calculating trial noise margins across said 

5 channds using the signal to noise ratios determined in the most recently trananitted frame 

6 as tiie imtial agnal to noise ratios for calculating said margins in the int^val betweai s^d 

7 frame and the next frame. 
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19. A niulticamer modulation systen according to claim 18 which indudes first and 
second memory raster sets at both said transmitter and said receive for storing chanr 
nei data allocations in accordance with agnal to noise ratios associated therewith, and 
means for transmitting from the transmitter to the recdver a flag indicating which of the 
register sets is to be used for subsequent^ receiving data from said transmitter. 

20. Amcthod of allocating data to respective ones of dhannds in a mutticarrier 
modulation system having a plurality of channels for transmitting data at vaiyiiig rates 
from a transmitter to a recdver, comprising the steps of : 

A. allocating data to respective ones of sdd channds in accordance witii 
measured signal to noise ratio for the corresponding channd, 

B. repetitively calculating trid noise margins across sdd channels, and 

C. repetitivdy combining sdd trial noise margins with the sdd signd to 
noise ratios of sdd channels to form moctified dgnd to noise ratios for 
sdd diannds for use in reallocating sdd data thereto. 

21. A metiiod according to claim 20 in whidi tiie step of combiiung said trid noise 
mar^ and sdd signd to noise ratios of sdd channels comprises adding a cdculated 
trid noise mar^ to the constellation agnd to noise ratios of sdd channels to tharcby 
form an augmented dgnd to noise ratio from which tiie amount of data transmisdble in 
sdd channd is determined. 

22. A metiiod according to claim 20 in wtoch the step of repetitively cdculating trid 
noise margins aaoss sdd chaimels comprises the steps of 

A repetitively defining a trid margjn that is a frmction of the (tiff^nmce be- 
tween the amount of data allocable to sdd channds in accordance with 
said initid signd to noise ratios for the respective channds and the 
amount of data desired to be transmitted, and 

B. rqietitivdy adjusting sdd trid marg^ in accordance with the relation 
brtween the amount of data transmisdble across sdd channds vAsa the 
signd to noise ratios of sdd diannds are augmmted by said trid margin 
and the amount of data transmissible across said diannds m accordance 
with a prior d^ermination of sdd dgnd to noise ratios. 
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1 23. Amethodaccor(fingtoclaim22 wMdifiirtherin^^ 

2 A. periodicaUy transnutting a reference fin^ 
receiver aoross said chatinds, 

B. measuring the sdgnal to noise ratios of said channds fixsm the transmitted 
reference fiame and u^g the signal to noise ratios detemuned in the 
most recently transmitted firame as the signal to noise ratios for calculat- 
ing said margins in the interval between said fiame and the next fiame. 

24. A method acconfing to daim 23 which indudes the steps of providing first and 
second memoiy register sets at both said transnutter and said recdver for storing dianr 
nd data allocations in accordance with dgnal to noise rados assodated therewith, and 
tranmiitting fiom the tranamtter to the recdver a flag incficating vAidt of the re^sttf 
s^ is to be used for subsequently receiving data fiom sdd transnutto*. 
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